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Introduction
Intellectual disability disorders affect 2-3% of the population and are often accompanied by comorbidities. Here, we report a novel intellectual disability phenotype of infantile-onset multisystem neurologic, endocrine, and pancreatic disease (IMNEPD) caused by homozygous mutations in the peptidyl-tRNA hydrolase 2 gene (PTRH2). Functional studies underline the pathogenicity of the identified mutation.
PTRH2 (synonym BIT1, Bcl-2 inhibitor of transcription 1) is an evolutionarily highly conserved protein that prevents the accumulation of dissociated peptidyl-tRNA, which could inhibit protein synthesis.
1,2 PTRH2 moonlights in other functions that determine survival or death of a cell. It is part of an integrin signaling complex that mediates survival of cells attached to the extracellular matrix (ECM). 3, 4 Upon integrin-mediated cell attachment, PTRH2 promotes cell survival through interaction with focal adhesion kinase (FAK) and subsequent activation of the PI3K-AKT-NFkB pathway. 4 ,5 PTRH2 expression also induces Bcl-2 transcription 4 and blocks the intrinsic mitochondrial apoptotic pathway. On the other hand, PTRH2 is a key player in anoikis, a process defined as cell death caused by loss of cell attachment to the ECM. 3, 5 Upon loss of integrin-mediated cell attachment to the ECM, PTRH2 is phosphorylated, released from mitochondria into the cytosol, and complexes with the transcriptional regulator amino-terminal enhancer of split (AES) to promote apoptosis. 3, 6 PTRH2 inhibits extracellular signal-regulated kinase (ERK) phosphorylation, 4, 5 and it can be phosphorylated by protein kinase D1. 6 Therefore, PTRH2 functions as a phosphoprotein that regulates NFkB and ERK signaling and thereby controls integrin-mediated apoptotic signals. The preliminary characterization of Ptrh2 mutant mice revealed homozygous Ptrh2 mutants develop a "runting" (dystrophy) syndrome postnatally and die within the first 2 weeks of life. 5 The physiologic function of PTRH2, however, is unknown.
Subjects and Methods
Informed consent was obtained from the parents of the patients for the molecular genetic analysis, the publication of clinical data, photos, magnetic resonance images (MRI), and studies on immortalized lymphocytes and fibroblasts. The human study was approved by the local ethics committees of the Charit e (approval no. EA1/212/ 08), and all animal experiments were carried out in accordance to the national ethic principles (registration no. T0344/12 and 07-023-7).
Genetic analyses
Homozygosity linkage intervals with LOD > 2 and length >1 Mb were identified using the Affymetrix High Wycombe, UK SNP array 6.0. For whole-exome sequencing, enriched genomic DNA was sequenced by single-end 101 bp using a Hiseq2000 sequencing machine with an output sequences amount of 12 Gb and >94% of the coding regions covered with >20-folds. The raw sequencing data can be retrieved from the Sequence Reads Archive (http:// www.ncbi.nlm.nih.gov/sra; accession no. SRA385191). We used SOAP2.20 for reads alignment (http://soap.genomics. org.cn/) and the Medical Resequencing Analysis Pipeline (MERAP, http://sourceforge.net/projects/merap/) for variant calling, filtering, and prioritization. We detected singlenucleotide variants (SNVs), insertions and deletions (indels), and copy number variations (CNVs). We filtered and prioritized the variants based on the following criteria: (1) The variant was ruled out if its allele frequency was higher than 0.5% in the 1000-Genome database (http://www. 1000genomes.org/), in the Exome Variant Server (http:// evs.gs.washington.edu/EVS/), or in our in-house database with 521 exomes of Middle East origin; (2) Only variants predicted to be deleterious were retained, such as frameshift variants, nonsense variants, canonical splice sites variants, CNVs, and missense variants with positive predictions from a series of algorithms including phyloP (http://compgen. bscb.cornell.edu/phast/help-pages/phyloP.txt), GERP (http:// mendel.stanford.edu/SidowLab/downloads/gerp/), SIFT (http://sift.jcvi.org/), PolyPhen2 (http://genetics.bwh.harvard.edu/pph2/), and MutationTaster (http://www.mutationtaster.org/); (3) Variants needed to cohere with inheritance models and linkage intervals; (4) The diseaseassociation of affected genes according to databases such as OMIM and HGMD was taken into account; (5) reports on tolerance of homozygous loss-of-function mutations in respective genes were assessed; (6) Reports on physical interaction of candidate gene with any known causal genes were consulted. For a detailed description of the filtering procedure, please refer to Hu et al. 7 The data analysis pipeline 7, 8 applied resulted in the identification of a homozygous PTRH2 gene mutation (chr17q23.1). The index pedigree has two generations and two patients. There are three homozygosity linkage intervals defined with a size >5 Mb and LOD >1.8: (1) chr16:12770901-20056282, LOD:2.056; (2) chr17:54833348-64807228, LOD:2.056; (3) chr7:54618943-77101532, LOD: 2.056. We employed the aforementioned criteria for filtering and prioritization. Thus, there are 1, 1, and 0 rare homozygous variants in these three linkage regions, respectively. Among these two variants, PTRH2 harbors a frameshift deletion, while the other variant, namely, chr16:19533219A>G, causes a missense change (c.68T>C,p.L23P) in the gene GDE1 (NM_016641), which is predicted by SIFT, PolyPhen2, and MutationTaster as "tolerated," "benign," and "polymorphism," respectively. We confirmed the absence of homozygous deleterious variants (missense, nonsense, frameshift, splice site change) in PTRH2 in the Exome Variant Server (http://evs.gs.washington.edu/EVS/), the 1000 Genome database (http://www. 1000genomes.org/), the dbSNP138 (http://www.ncbi.nlm. nih.gov/SNP/), and our in-house 521 Middle East origin exome database. We also checked the haplotype data in the 1000 Genome database and found no compound heterozygote in PTRH2. Even heterozygous deleterious variants in PTRH2 have very low allele frequency (<0.1%), indicating strong purifying (negative) selection in population. Also, the haploinsufficiency index for PTRH2 (https://decipher.sanger. ac.uk/) is 18%, not likely to be haploinsufficiency. Patient 250690 in the Decipher database with a 2.4 Mb homozygous deletion covering 36 genes including PTRH2 was reported to display abnormal facial features and intellectual disability/ developmental delay.
Sanger sequencing of the PTRH2 gene (NM_016077) was applied to confirm the mutation in the patients, establish the genotype in the other family members, and evaluate the presence of potential mutations in additional families.
Functional analyses of patient and control specimen
Epstein-Bar virus-transformed lymphocytes (LCLs) and fibroblast cultures were established from patients and healthy controls according to standard protocols. 9 We analyzed cellular PTRH2 localization, cell viability, proliferation, and apoptosis as well as protein levels of PTRH2, pAKT/AKT, pMAPK/MAPK, pFAK/FAK, Bcl-2, and pS6. Cre/Cre mice express the Cre recombinase from the endogenous Meox2 promoter, and expression of Cre recombinase is observed in epiblast-derived tissues as early as E5. 10 Genotyping was performed using the primers G2F 5 0 -TGG GTC TTT GAA TCA ACT AG-3 0 , G1R 5 0 -ACA TGC CAC AAG CAA CTC CA-3 0 , and 30d 5 0 -TTT GAG ACC CTA TCA CTC CAC ACG-3 0 with an expected 250 bp band in wild-type, a 200 bp band in homozygous Ptrh2 mutant mice, and both bands in heterozygous mice. C57BL/6 mice were obtained from the animal facility of the Charit e -Universit€ atsmedi- zin Berlin, Germany. The breeding was performed during the day, the day of insemination was considered as embryonic day (E) 0, and the day of birth was designated as postnatal day (P) 0.
Analysis of

Viability and breeding of various genotypes (wild type
[WT], heterozygous, homozygous) of Ptrh2 mice was monitored continuously, and their overall behavior was studied through home cage observation and basic neuro- logical assessment. Gross organ malformation was analyzed through dissection of six mice from each genotype at P7. For further analysis of gross morphological organ abnormalities, Ptrh2 knockout mice and control littermates were sacrificed at P0 and/or P7, and their organs snap-frozen for RNA and protein extraction and/or immersed in 4% paraformaldehyde for histological analysis as reported previously. 11 Coronal brain cryostat sections of 10 lm thickness were cut, collected on Superfrost plus slides and stained with cresyl violet. In addition, liver, pancreas, muscle, and diaphragm specimen were embedded in paraffin and analyzed following hematoxylin and eosin staining of 10 lm sections. mRNA and protein levels were analyzed through quantitative real-time PCR and Western blotting, respectively.
Elastase measurements
Elastase activity was measured in the stool of Ptrh2 KO and WT littermates at P7 using the Elastase Assay (Molecular Probes Grand Island, NY, USA) according to the manufacturer's instructions.
Quantitative real-time PCR
RNA extraction and cDNA synthesis were performed with established methods reported previously. 12 To specifically amplify and detect Ptrh2, Hprt (Hypoxanthine-guanine phosphoribosyl-transferase, reference gene), and RpII (RNA polymerase II, reference gene) cDNA, we designed sets of primers and TaqMan probe using the GenScript real-time PCR (TaqMan) Primer Design online software (www.genscript.com). Primers and PCR conditions are available from the authors upon request. Ct values were calculated using the 7500 Fast System sodiumdodecyl sulfate (SDS) Software (Applied Biosystems Darmstadt, Germany) and further statistical calculations were performed on GraphPad Prism 5 Software (GraphPad Software Inc., La Jolla, CA). The 2
ÀDDCt method was applied for the quantification of the relative Ptrh2 mRNA expression.
Western blot
Protein extraction and Western blots were performed with established methods reported previously 11 antibodies are listed in Table S1 .
Immunocytology and -histology
LCLs briefly plated on poly-L-lysine and fibroblasts plated on fibronectin-coated coverslips were fixed in 4% paraformaldehyde. Cryostat sections were air-dried briefly, and paraffin sections were deparaffinized prior to rinsing. Coverslips and cryostat sections were further incubated in staining buffer (0.2% gelatin, 0.25% Triton X-100, 10% donkey or goat normal serum) for 30 min for permeabilization and blocking, followed by an overnight incubation with primary antibodies and a 2h incubation with the corresponding secondary antibodies (antibodies listed in Table S1 ). The specificity of the Ptrh2 immunoreaction was ensured in control sections treated with the corresponding blocking peptide as well as in sections incubated only in the secondary antibodies. Nuclei were labeled with 4 0 ,6-diamidino-2-phenylindole (DAPI, 1:1000, SigmaAldrich, Munich, Germany). Fluorescently labeled cells or tissues were analyzed and imaged by a fluorescent Olympus BX51 microscope with the software Magnafire 2.1B (Olympus, Hamburg, Germany) and confocal microscopy images were taken by an lsm5exciter Zeiss confocal microscope with the software Zen (Zeiss, Jena, Germany). All images were processed using Adobe Photoshop.
Cell viability assay
Cells cultured in microtiter wells were pulsed with 25 lL of a 2.5 mg/mL MTT stock (Sigma-Aldrich) in PBS and incubated for 4 h. Subsequently, 100 lL of a solution containing 10% SDS and 0.01 N HCl was added, the plates were then incubated overnight, and absorption was read on a VICTOR 3 multilabel plate reader (PerkinElmer Life Sciences; reference/test wavelength 650/590 nm). Test reagents were added to medium alone to provide a blank control.
Staurosporine-mediated apoptosis
Staurosporine (2 lmol/L; Sigma) was added to adherent cells in serum-containing media. 24 h later, the cells were analyzed by either an MTT assay, immunoblotting for caspase-3 activation, or activated caspase-3 ELISA (BioVision Milpitas, CA, USA). For the latter, 1 9 10 5 patient fibroblasts were plated per well in a 96 well plate, allowed to attach and exposed to +/À staurosporine for 24 h. Subsequently, they were lysed, incubated with DEVD-AFC substrate for 1 h at 37°C, and fluorescence was assessed using a plate reader with 400/505 nm excitation/emission filters.
Mitochondrial respiratory chain enzyme activity measurements in human fibroblasts
Fibroblasts were cultured in M199 medium (Life Technologies, Breda, the Netherlands) supplemented with 10% fetal calf serum and 1% penicillin/streptomycin in a humidified atmosphere of 95% air and 5% CO 2 at 37°C. Measurement of the mitochondrial respiratory chain enzyme activities in skin fibroblasts was performed according to established procedures. 13 
Results and Discussion
We report for the first time that patients with a mutation in the PTRH2 gene develop an infantile multisystem neurologic, endocrine, and pancreatic disease (IMNEPD) with intellectual disability, postnatal microcephaly, progressive cerebellar atrophy, hearing impairment, polyneuropathy, failure to thrive, and organ fibrosis with exocrine pancreas insufficiency. Two affected children of healthy, consanguineous parents of Yazidian-Turkish descent were born at term without complications and with normal weight, height, and head circumference (II.1; II.4, 
Meox
Cre/À (KO) are indistinguishable from their healthy littermates (WT) at birth, but show a runting syndrome by P7 with a significant decrease in (B) body weight (n = 8-13 animals/group, Student's t test) and (C) die by P8-10 (Kaplan-Meyer curve, n = 75). (D) While at P7 total brain weight was slightly reduced (n = 8-13 animals/group, Student's t test), (E) cerebellar atrophy was easily apparent in KO (n = 5-6 animals/group, Student's t test, scale bars 200 lm). See Video S1 for ataxia in KO at P7. *P < 0.05, ***P < 0.001. Fig. 1A ). Fetal movements were decreased in II.1 when compared to those of her healthy siblings. At birth, bilateral hip dislocation, muscular hypotonia, brachycephaly, facial dysmorphism with midface hypoplasia, hypertelorism, exotropia, and thin upper lip vermilion, proximally placed thumbs, deformities of the fingers and toes, and a shawl scrotum in the affected male were apparent (Fig. 1B-D , Table 1 ). Both patients later presented with postnatal microcephaly, growth retardation, failure to thrive, delayed motor milestones, progressive debilitating ataxia, distal muscle weakness (Achilles tendon contracture in II.1), peripheral demyelinating sensorimotor neuropathy, and sensorineural deafness (Table 1, Tables S2,  S3 ). Pyramidal signs could not be elicited. The affected female patient (II.1) became wheel-chair dependent due to muscle weakness and ataxia by 15 years of age. Patients had moderate intellectual disability with an intelligence quotient of 39 (II.1) and 48 (II.4) and a severe expressive speech delay. Cranial magnetic resonance imaging (cMRI) revealed microencephaly and progressive cerebellar atrophy as a correlate for the ataxia (Fig. 1E ). On electroencephalography (EEG) recordings, the patients presented with abnormal rhythmic alpha-beta-waves with high amplitudes even during sleep (Fig. 1F) , a finding reported in neurodegenerative diseases and/or cortical malformations. 14 The mother had observed bulky steatorrhea since toddler age in her affected children. Further investigations revealed exocrine pancreatic insufficiency with subsequent deficiencies of lipophilic vitamins and abnormal clotting parameters and hypothyroidism (Table S4 ). The glycated hemoglobin (HbA1c) value was slightly elevated in patient II.1 at the age of 14 years, indicating elevated plasma glucose concentrations over prolonged periods of time and thus putatively beginning endocrine pancreas insufficiency. Oral supplementation of pancreas enzymes at a dose of 1000 units/kg per day and vitamins over a period of 1 year induced a recognizable weight gain and normalization of vitamin deficiencies and clotting parameters. Signs of liver and pancreas fibrosis and hepatomegaly Table S1 for antibodies). ns, not significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
were detected by ultrasound, while the morphology of the other organs was normal on abdominal MRI of patient II.1 (Fig. 1G, data not shown) . Slightly increased transaminase values, creatine kinase, and lactate dehydrogenase activities were observed in the plasma as indicators of a muscle and/or liver disease. Further assessment of the patients and their parents through electro-and echocardiography and lung function tests revealed normal cardiac and pulmonary function, respectively. The results of routine blood tests and extensive metabolic work-up also for a mitochondriopathy were normal (Table S4 and data not shown). Despite normal growth hormone levels and bone age, as revealed by conventional x-rays, both children had a short stature.
To identify the genetic basis of the disease, we performed high-throughput whole-exome sequencing followed by Sanger sequencing and bioinformatic analysis. We thereby identified a homozygous deletion of two base pairs in the PTRH2 gene in both affected children (c.269_270delCT, NM_016077; Fig. 2A and B) . This 2-base pair deletion in the coding sequence of exon 2 of PTRH2 causes a frameshift mutation, leading to a predicted protein truncated by 78 amino acids (p.Ala90fs, NP_057161) and is therefore predicted to be a null allele. The mutation lies within a highly conserved region of the protein (Fig. 2C) and segregates with the disease phenotype, that is, is heterozygous in both parents and not observed in the healthy siblings. We confirmed the absence of the deletion in various whole-exome databases, as detailed in the methods. Here, even heterozygous PTRH2 deleterious variants have a very low allele frequency (<0.01%), indicating strong negative selection in population. This may explain why we did not detect PTRH2 gene mutations in 30 patients and families with exocrine pancreas insufficiency and intellectual disability as predominant symptoms. PTRH2 mRNA levels from fibroblasts of patients and controls did not differ significantly, while PTRH2 protein levels were strongly reduced in patient fibroblasts ( Fig. 2D and E) .
We further found a strong correlation between regions of high PTRH2 expression in the mouse (Fig. 3) and sites of pathology suggested by the human phenotype and by that of Ptrh2-mutant mice (Ptrh2 flox/flox Meox Cre/À ). 5 Ptrh2-mutant mice (KO) were indistinguishable from their healthy littermates at birth, but showed a progressive agerelated relative decrease in length and weight, muscle weakness and wasting, and died by P8-10 ( Fig. 4A-C) . By P7, the KO mice also presented with severe ataxia, their whole brain weight was slightly but significantly reduced, and cerebellar atrophy was prominent (Video S1, Fig. 4D and E) . As a cellular correlate, neuron soma size was reduced in the cerebral cortex (Fig. 5A) , while spontaneous apoptosis was not increased in KO brains at P7 (data not shown).
Since further organs are involved in the human PTRH2-mutant phenotype, we analyzed murine pancreas, liver, and muscle at P7. The exocrine pancreas was insufficient in the KO mice as indicated by reduced pancreas elastase levels in the stool and by reduced cross-section Figure 6 . Effects of a loss of PTRH2 in human tissues. (A) While spontaneous apoptosis was not increased, staurosporine-induced apoptosis was significantly increased in PTRH2-mutant patient versus control fibroblasts (n = 4-6/group, activated caspase-3 levels, one-way ANOVA). (B) PTRH2 overexpression rescued the apoptotic effect of staurosporine in patient fibroblasts (cell viability assay, n = 3/group, one-way ANOVA). (C and D) Representative Western blots and quantification results for AKT1-3, pAKT/AKT, Bcl-2, pERK/ERK, pFAK/FAK, and pS6 (n = 3, one-way ANOVA; quantification of nonsignificant results for AKT1-3 and Bcl2 not shown; see Table S1 for antibodies). ns, not significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. PTRH2, peptidyl-tRNA hydrolase 2; ANOVA, analysis of variance.
areas of the pancreatic acini (Fig. 5B) . In contrast, Langerhans islets, associated with endocrine pancreas function, did not differ significantly in size between KO and WT mice (Fig. 5C ). Similar to the findings in neurons and pancreas acini, the soma size of hepatocytes and myocytes was also reduced significantly in KO mice ( Fig. 5D and E) .
Our further findings highlight a reduced PTRH2-mediated signaling in mutant mouse brains as molecular correlates for the observed phenotype ( Fig. 5F and G) . We detected a reduction in both integrin-mediated signaling as determined by pFAK and Bcl-2 expression and an increase in pERK in Ptrh2-mutant mouse brains. Moreover, we identified a reduction in the mTOR activation marker pS6 levels in KO brains. Since mTOR is a key regulator of cell size, 15 this and the reduced cell size in several KO organs link Ptrh2 to the mTOR/pS6 pathway.
To further analyze the effect of a loss of PTRH2 function in human tissues, we established lymphoblastoid cells and fibroblasts from our patients and healthy controls. The mitotic spindle apparatus morphology, cell cycle regulation, and respiratory chain enzymes and complex V activities did not differ between PTRH2 mutant and control fibroblasts (data not shown). While spontaneous apoptosis was not increased in the patient fibroblasts, apoptosis was increased significantly when these fibronectin-attached cells were treated with staurosporine, as detected by decreased cell viability and elevated activated caspase-3 levels (Fig. 6A) . PTRH2 overexpression in PTRH2-mutant patient fibroblasts was able to rescue this phenotype (Fig. 6B) . Integrin-mediated FAK activation was decreased in fibronectin-attached patient fibroblasts compared to controls (Fig 6C and D) . In line with our findings in the KO mice, pERK was increased in patient compared to control fibroblasts (Fig. 6C and D) . Moreover, we identified a reduction in pS6 levels in both patient fibroblasts as an indication of reduced mTOR pathway activation (Fig. 6C and D) .
Taken together, we demonstrate the physiological role of PTRH2 for the human and mouse organism. We identified mutations in PTRH2 as the cause of infantile multisystem neurologic, endocrine, and pancreatic disease (IMNEPD). This previously unidentified phenotype comprises postnatal microcephaly, progressive cerebellar atrophy, intellectual disability, failure to thrive, polyneuropathy, hearing impairment, and organ fibrosis with exocrine pancreas insufficiency. Future studies on further patients/pedigrees with similar phenotypes will be required to determine the full phenotype spectrum associated with the PTRH2 gene. We show that PTRH2 is essential for human cognitive function. The expression pattern of PTRH2 in the developing brain, the normal head circumference at birth, the development of secondary microcephaly and progressive cerebellar atrophy, and the abnormal EEG findings in patients all suggest that PTRH2 has an essential function in postmitotic cells, neurons, as opposed to neural progenitors. Progressive cerebellar atrophy in the patient and mutant mice is most striking as it suggests increased apoptosis in this region. This finding is in agreement with our observation that patient fibroblasts are more sensitive to staurosporinemediated apoptosis compared to normal controls.
PTRH2 is a regulator of integrin-mediated cell survival and apoptosis and as such promotes survival of ECMattached cells through activation of adhesion-initiated signal transduction pathways. 4 We identified a reduced activation of the FAK-Pi3K-AKT-NFkB pathway in patients and mutant mice; this is in line with previous results in cancer cells. 4 Mutations in other positive regulators of NFkB, which is involved in a variety of biological processes including neurogenesis and cell survival, [16] [17] [18] [19] have been reported in patients with intellectual disability. 20, 21 The role of NFkB signaling in the brain is not yet well understood, and PTRH2 provides an additional link as to how NFkB integrates signals from the ECM to intracellular processes. In addition, we report reduced cell sizes in various organs of Ptrh2-mutant mice and in line with this a reduced activation of the AKT/mTOR/pS6 pathway linked to the regulation of cell size. 15 Our findings thereby identify PTRH2 as an essential factor in the regulation not only of cell survival, but also of cell growth (Fig. 7) . 
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Video S1. Ataxia and growth retardation in Ptrh2-mutant mouse at P7 compared to age-matched WT mouse. Table S1 . List of primary and secondary antibodies. 24 and Prader et al. 25 BMI, body mass index; n.d., not determined; OFC, occipitalfrontal head circumference; SDS, standard deviation score. *Under oral supplementation of pancreas enzymes at a dose of 1000 units/kg per day and vitamins. Table S4 . Laboratory blood values of index patients with IMNEPD. Values were obtained at ages 13 and 4 years of index patients II.1 and II.4, respectively. Normal values are age adapted. AST, aspartate aminotransferase; ALT, alanine aminotransferase; CK, creatine kinase; LDH, lactate dehydrogenase; AP, alkaline phosphatase; HbA1c, glycated hemoglobin; TSH, thyroid-stimulating hormone or thyrotropin; T3, triiodothyronine; fT4, free thyroxine; TPZ-INR, prothrombin ratio according to international normalized ratio; aPTT, activated partial thromboplastin time.
